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ABSTRACT 

Numerous variations of the microwave discharge method have been employed to 
prepare  thin films. In this study, non-crystalline films were deposited a t  low 
temperatures and pressures  by the vapor phase reaction of suitable compounds 
with the energetic gaseous species generated in a discharge operated a t  2,450 
megacycles/sec.  The major  par t  of the investigation concerned the decomposi- 
tion of metal-organic compounds of the type (R),M or (RO),M, where R may 
be C2H5, C3H7. etc. Amorphous oxide f i lms of silicon, germanium, boron, 
tin, and titanium were readily formed when an oxygen plasma was maintained. 
Silica films were also grown via a n  argon plasma. These f i lms were deposited 
on metallic and non-metallic substrates  positioned outside the discharge region. 
Conversely. the oxidation of silicon tetrafluoride to yield a fluorsiloxane poly- 
m e r  of composition S O l .  SF was found to  occur only within the confines of the 
plasma. It i s  shown that the f i lms a r e  f ree  from decomposition products when 
deposited above a cer ta in  cri t ical  temperature ,  which is dependent on the re -  
actant flow rate. The effects of temperature ,  p ressure ,  flow rate,  .and hygro- 
scopic nature bf the substrate  on the deposition rate a r e  examined. 
propert ies  are presented. 
plasma to generate nitride o r  oxynitride f i lms i s  discussed. 

Optical 
Therutilization of a nitrogen o r  nitrogen oxide 

INTRODUCTION 

Extensive studies have been conducted with crystalline f i lms in regard to  film 
structure ,  epitaxy, and property variations a s  a function of the history of a 
par t icular  deposition process .  The nature of glassy f i lms,  however. has not 
been investigated with the same thoroughness. This is due, in par t ,  to the 
inability of most  mater ia l s  to form in the glassy state.  In general, the approach 
to film formation has been from the vapor phase. Some methods from the va- 
por include evaporation, vapor phase hydrolysis, thermal  decomposition, and 
"sputtering". Al l  of these techniques w i l l  yield non-crystalline f i lms with the 
proper  conditions. However, with the exception of the la t te r  method, re la -  
tively high temperatures  a r e  required. As a result ,  most  f i lms invariably 
crystallize immediately after being deposited. 
pared by these techniques a r e  usually mater ia l s  which readily form a glaea 
by the conventional cooling of a melt ;  e. 8.. SiOz. 
on the other hand, occasionally leads to  the formation of uncommon non- 
crystalline films when the subs t ra tes  a r e  maintained at low temperatures  
In this paper. the low temperature  preparation of a wide variety of non-crystal- 
line films is discussed utilizing a microwave discharge method as a n  a l terna-  
tive to  sputtering. 
carefully controlled by regulation of the reactant flow rates.  
any par t icular  film is shown t o  be a sensitive function of (1) the concentration 

The non-cryetalline films pre-  

The method of sputtering, 

(1) . 

With this technique, the ra te  of film deposition can be, 
The quality of 
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and type of reaction products,  ( 2 )  the chemical nature of the subs t ra te ,  and 
( 3 )  the reactor ( subs t ra te )  . temperature.  

APPARATUS 

A schematic drawing of the main flow system employed in  this work is s h o w n  
i n  Figure 1 .  A gaseous plasma, in  this instance oxygen, could be maintained i n  
a 1" 0. D. pyrex tube when the system pressure  was l e s s  than 800 microns.  
The electrodeless discharge was produced with a Raytheon PGM-10 Microwave 
Generator.  This unit could supply 100  watts of microwave energy a t  a fixed 
frequency of 2, 450 m c / s e c .  
the bell jar through a 0. 5" dia. pyrex tube. The metal-organic compounds 
selected for this work were  liquids with a vapor pressure of about 0. 5 mm. 
near  room temperature and were contained i n  a graduate cylinder immersed 
i n  a constant temperature bath. The metal-organic evaporation rate (flow ra te )a t  
any temperature could be a l te red  by adjusting a 1 m m .  dia. Teflon stopcock. 
The ultimate vacuum achieved i n  the system was 240 microns pressure w i t h  a 
gas  flow rate of 1.76 cm /minute.  
inside a n  aluminum furnace 2 114" i n  dia. x 4" long. 
1 3/8" i n  dia. x 2 I / Z "  long served as a second furnace core .  The constant 
temperature zones fo r  these  furnaces extended one cm. above and below the 
gas  inlet port with a maximum radial temperature variation of t 5 O C  f o r  points 
one cm. from the cylinder axes .  A fused sil ica balance hav inga  sensitivity 
of i cm/mg.  was employed to  determine the rate of film deposition. Details 
of this apparatus have been previously reported(2). 
secondary working geometry,  the basic apparatus was modified as i l lustrated 
i n  Figure 2.  

The energized species were allowed to flow into 

3 The majority of the studies were performed 
A fused sil ica cylinder 

In order  to provide a 

This adaption was used to  study the oxidation of silicon tetrafluoride 

FILM DEPOSITION AND EVALUATION 

The substrates were positioned in the furnace reaction vessel with their  wide 
dimension perpendicular to  the gas inlet tube. 
consisted of dipping the specimens into a 48% solution of hydrofluoric acid, 
followed by a r inse  i n  disti l led water. 
e r a tu re  was increasing, the system w a s  purged with the gas selected to form 
the plasma. In all work, the microwave generator was operated at 90% of its 
rated power output. 

The general  cleaning procedure 

During the period when the furnace temp- 

The fi lms were deposited onto NaCl o r  KBr discs to facilitate examination by 
in f ra red  transmission. Substrates of platinum, aluminum, A12O3, and fused 
Si02 approximately one cm. i n  diameter were prepared for the rate studies. 
The index of refraction and isotropic charac te r  of f i lm specimens obtained 
from the substrates and /o r  gas inlet tube were determined with a petrographic 
microscope. Debye -Scherrer  x - r ay  diffraction powder patterns were made to 
establish whether the fi lms were amorphous o r  crystalline. 
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Figure 1 : Schematic Drawing of Microwave Discharge Apparatus. 
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RESULTS AND DISCUSSION 

Prel iminary studies indicated that extensive water was formed as a reaction pro- 
duct when the metal-organic compounds were decomposed via an oxygen discharge. 
This water could be chemically incorporated into the oxide films when the sub- 
s t r a t e s  were  held below a cer ta in  temperature which depended on the organic 
evaporation rate and the hygroscopic nature of the substrate.  
NaCl substrates,  the si l ica f i lms  were found to be f r e e  of water above 18OoC 
with a tetraethoxysilane evaporation rate of 0. 015 cm /hour. (3) The presence 
of silicic acid w a s  detected below 18OoC by inf ra red  transmission studies. 
versely, with a KBr subs t ra te  and s imi la r  conditions of temperature and evapora- 
tion rate,  extensive water  w a s  incorporated into the si l ica film. 

For ' instance,  with 

3 

Con- 

The,majority of the fi lms prepared in this study were formed with low deposi- 
tion ra tes  of about 20 Elminute  on NaCl substrates heated to a temperature 
of 200°C.  The optical p roper t ies  of some of the fi lms a r e  presented in Table 1. 

TABLE 1 

COMPARISON O F  THE OPTICAL PROPERTIES OF 

GLASSY OR CRYSTALLINE OXIDES 
VAPOR-FORMED FILMS AND THEIR RESPECTIVE 

Principal Infrared Index of 

Si02: vapor-formed f i lm 1, 045;800 1.458) . 002 
fusion-formed g la s s  1 ,  080;800 1.458: . 002 

GeOZ : vapor -formed fi lm 85 0 1. 5827 . 002 
fusion -formed g la s s  860 1. 534-1. 607 

B203 : vapor -formed f i lm 1 ,350  1 . 4 7 0 i  . 002 
fusion-forme d g l a s s  1 ,370  1 . 4 6 4 p )  

Mate rial Frequency (CM- l )  Refraction 

TixOy: ' vapor-formed fi lm 950-700 b 1 . 7  
T i02 :  anatase 1,200-500 > l .  7 
Sn Oy: vapor-formed fi lm 1 ,425  - 
SnljT: cassiteri te 85 0 -5 00 3 1 . 7  

1.536t . 002 

All of the films were  i so t ropic  when examined with polarized light and were 
amorphous byx-ray diffraction. 
sing tetraethoxysilane, ( C  H 0)4 Si, in either a n  oxygen or argon plasma or (2 )  
decomposing tetraethysilane in  a n  oxygen plasma. 
oxide fi lms were p repa red  by decomposing tetraethoxygermane and triethyl- 
borate via a n  oxygen discharge.  
fractive indices of the la t te r  t h ree  vapor-formed f i lms  a r e  s imi l a r  to those 
of the respective fusion-formed glasses,  which suggests that a random net- 
work structure can be achieved by methods other than the conventional cooling 
of the melt .  
realized by slowing cooling one specimen and quenching another from 1 loO°C; 
the slow-cooled specimen had the l a rge r  refractive index. With the exception 

The sil ica fi lms were  formed by (1) decompo- 

2 5  The germania and boron 

The inf ra red  absorption frequencies and r e -  

The sp read  in the index of refraction fo r  germania glass was  
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of the boron oxide film, the fi lms l isted i n  Table 1 adhered well to the NaCl sub- 
s t r a t e s .  
f rom the glow dfsciarge apparatus because of i ts  extreme moisture sensitivity 
and was only partially adherent.  

The B 0 film was immediately coated with mineral  oil af ter  removal 

I 
The non-crystalline titanium oxide films were prepared from titanium t e t r a -  
isopropylate while maintaining an oxygen discharge.  Since titanium oxide is 
not a common glass-forming system, one may inquire as t o  whether or not the 
viscosity of such a film would be s imi l a r  to that of a glass near  i ts  transition 
region, e. i. 1013-1014 poises. F o r  many undercooled s y  t m s ,  the growth 
rate  can be described i n  t e rms  of the reciprocal viscosit$eas: 

U =  AHf (Tf-T)  
3 T f T f  ,A L % N  

where u is the rate of growth ( c m l s e c ) ,  T is the undercooled temperature ,  

distance (cm),  I-$ is the latcnt heat of fusion ( e r g s ) ,  and N is Avogadro's num- 
ber .  
tion of the viscosity a t  the crystall ization temperature  can be made i f  the rate 
of growth (crystallization) is known. 
hibited birefringence (crystall ized) after 45 minutes a t  325OC. 
rate of crystallization can be calculated for  the film i f  i t  is assumed that the 
particles grew from some a rb i t r a ry  value, for  example, 10 8 t o  110 
crystallinity w a s  detected. 
though T i02  dissociates,  the heat of fusion has been reported as 15. 5 kcal/mole 
at  a melting point of 184Ood6). 
crystallization is about 3. 7 x 10-l '  c m l s e c .  
a t  5980K i s  5. 5 x 10" poises,  which would classify the film a s  a high1 viscous 
supercooled liquid since the viscosity value i s  slightly below 1013-10'4 poises. 
Since viscosity is approximately an exponential function of temperature ,  it is 
reasonable to conclude that a t  some slightly lower tem e ra tu re  the viscosity 
of the film is character is t ic  of a solid glass ,  e. i. 101f-1014 poises.  

v\ is the viscosity (poises),  Tf is the fusion temperature ,  A is the mean jump 

If this relationship is valid for  a system, then a n  approximate est ima-  

In this study, the titanium oxide film ex- 
An approximate 

before 
A l -  The jump distance A was taken as 2 2 units. 

The growth rate  determined f rom the r a t e  of 
The corresponding viscosity 

An amorphous tin oxide fi lm was formed by decomposing dibutyltin-diacetate 
v ia  a n  oxygen plasma. 
resist ivity of the film near  room temperature  was g rea t e r  than l o 7  ohm-cm. 
Comparing th I. R. spec t r a  of the film and SnOZ, i t  is seen in Table 1 that the 
main absorption mode for  the amorphous film occurs  a t  a much higher frequency 
than that of the crystall ine modification. This shift can probably be attributed 
to  a l a rge  s t ructural  variation such as a change in coordination number. 

Prel iminary measurements  indicated that the electrical  

The basic apparatus shown i n  Figure 1 was modified a s  i l lustrated i n  Figure 2 in 
o rde r  to  study the oxidation of SiF4 via an oxygen discharge.  
SiF4 gas  was metered into the pyrex chamber a t  a rate of 1 . 8  cm3/minute.  
Simultaneously, d ry  oxygen w a s  admitted a t  the rate of 5 cm3/minute.  
electrodeless discharge was maintained a t  800 u total p re s su re .  
conditions, a thick non-adherent film was deposited onto the walls of the pyrex 

Research grade 

The 
Under these 



chamber within the boundaries of the plasma in about one hour. 
e r a tu re  i n  this region was  approximately 100°C. The film can be described as 
a translucent blue-white gel  which was amorphous by x - r a y  diffraction and iso- 
tropic when observed with polarized light. 
w a s  estimated to  be considerably l e s s  than 1.400; infrared absorption bands 
were  evidenced at  1080, 920, and 750 cm-’. A microchemical dnalysis of the 
film indicated that i ts  composition could be represented as (SiOl. 5F)n. 
interesting to note that the film formed only within the confines of the plasma, 
which suggests that t he rma l  and /o r  microwave energy a r e  required for the 
oxidativn and/or  polymerization processes .  

The wall temp- 

The index of refraction of the gel 

It is 

Effect of P res su re ,  Temperature ,  and Substrate - An extensive study was made 
with t e silica fi lms with respect  to the mechanism and kinetics of film forma- 
tion(2’. It i s  reasonable t o  suspect that the general  conclusions formulated i n  
this  work with respect  to p re s su re ,  temperature ,  and nature of the substrate 
a r e  applicable to mos t  of the other oxide f i lms discussed in this manuscript. 
Support fo r  this viewpoint is a l s o  documented in regards to the incorporation 
of water- into the fi lms(3).  

Basically, the effect of minor  p re s su re  fluctuations on the rate  of deposition of 
s i l ica  fi lms w a s  found to be negligible. However, above 500 microns pressure,  
the rate of deposition was rapidly decreased due to  (1) an increased atomic 
oxygen recombination and ( 2 )  poisoning effects f rom the reaction products. 
The f i lms discussed in the present work were deposited near  240 u pressure.  
Typical ra tes  of deposition for  the s i l ica  fi lms ranged from 10 to  80 A/min. 
by variation of (1) the organic evaporation rate  o r  (2) the substrate  tempera- 
t u re .  
tween logarithm of the deposition rate  and reciprocal temperature  is depicted 
in Figure 3 for various substrates .  
temperature  dependence of deposition with each substrate .  
si lane evaporation rate  of 0. 15 cm3/hour ,  the s i l ica  films w e r e  f r ee  of water 
and /o r  organic inclusions (by infrared t ransmission studies) above - 29OoC. 
At higher temperatures ,  the rate  of deposition decreased with increasing 
temperature  and was a sc r ibed  to  a process  of physical adsorption. The appar- 
ent heat of adsorption of s i l ica  glass  on the fused sil ica,  NaC1, and platinum 
subs t r a t e s  was calculated to be 12. 7 t 0. 2 kcal/mole.  F o r  the aluminum 
o r  A120 substrates,  the apparent heat of adsorption of s i l ica  was calculated 
t o  be 9. 3 t 0. 3 kcal /mole.  
A1 0 It 2 3  
was postulated that a hydrated surface tends to incorporate fur ther  hydroxyl 
groups into the film s t ruc tu re .  With this reasoning, one might expect that the 
hygroscopic nature of the KBr substrate  discussed e a r l i e r  would a l so  lead to 
a decreased heat of adsorption. In conclusion, i t  is postulated that the rate of 
deposition of an oxide fi lm with a moisture  sensitivity s imi l a r  t o  that of silica 
is most  likely affected in the same  manner,  e. i. physical adsorption controlled 
below 410OC. The apparent heat of adsorption of the oxide f i lms on the various 
substrates ,  is of course,  dependent on the molecular s t ructure  of the films and 
the hygroscnpic nature of the substrate .  

The rate  of deposition was constant with t ime. The relationship be- 

The data have been sp read  to  show the 
With a tetraethoxy- 

It was concluded that the hygroscopic nature of the 
surface was responsible for the lower heat of adsorption observed. 



i 

I.( 

Y I- 

* 0 

i 
f 
i 
3 

0.t 

I 
I I 

I I .6!3 1.85 

& ” ~ ’  
i 

Figure,  3: Relationship of Logarithm Silica Deposition Rate and Reciprocal 
Temperature for  Deposition on Various Substrates.  

4 

Other Systems - The microwave discharge technique can be employed to deposit 
a variety of thin fi lms at  low t empera tures .  
nique utilizes gaseous plasmas other than oxygen. 
with si l ica films it was found that (C2H5O)qSi contained sufficient oxygen to 
facilitate the formation of S i02  when the c mpound was decomposed with ene r -  
getic argon species. Sterling and S ~ a n n ‘ ~ ’  have recently deposited amorphous 
Si3N4 fi lms by the reaction of si lane and anhydrous ammonia i n  a n  R F  discharge. 
Non-crystalline silicon nitride fi lms have a l so  been prepared  a t  Rensselaer 
Polytechnic Institute by the decomposition of ( C2H5)4Si via a nitrogen discharge. 
The use of a N 2 0  plasma to form Si20N2 poses another equally interesting 
possibility. 
the ease of formation of si l ica.  Since metal-organic compounds a r e  now avail- 
able f o r  a large number of metals,  i t  would seem that the microwave discharge 
technique could lead to many new and unusual films by a simple variation of 
the reactant and/or plasma compositions. 

One obvious variation of the tech- 
For  instance, in  the work 

Success to date with the la t te r  reactions h a s  been complicated by 

I, 

4 
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